A large variety of neurotransmitters, hormones, and chemokines regulate cellular functions via cell surface receptors that are coupled to guanine nucleotide-binding regulatory proteins (G proteins) belonging to the G i subfamily. All members of the G i subfamily, with the sole exception of G z , are substrates for the pertussis toxin ADP-ribosyl transferase. G z also exhibits unique biochemical and regulatory properties. Initial portrayals of the cellular functions of G z bear high resemblance to those of other G i proteins both in terms of the receptors and eectors linked to G z . However, recent discoveries have begun to insinuate a distinct role for G z in cellular communication. Functional interactions of the a subunit of G z (Ga z ) with the NKR-P1 receptor, Ga z -speci®c regulator of G protein signaling, p21-activated kinase, G protein-regulated inducers of neurite outgrowth, and the Eya2 transcription cofactor have been demonstrated. These ®ndings provide possible links for G z to participate in cellular development, survival, proliferation, dierentiation and even apoptosis. In this review, we have drawn a sketch of a signaling network with G z as the centerpiece. The emerging picture is one that distinguishes G z from other members of the G i subfamily.
Introduction
Heterotrimeric guanine nucleotide-binding regulatory proteins (G proteins) are critical players in cellular signaling by linking activated heptahelical receptors to eector molecules. Malfunctions or deregulation of G protein-mediated signaling can give rise to disease in humans. G protein-associated pathologies encompass bacterial infections (Vibrio cholera and Bordetella pertussis), pseudohypoparathyroidism, McCune ± Albright syndrome, various cancers as well as night blindness (Farfel et al., 1999; Spiegel, 2000) . Among the four subfamilies of G proteins, the G i subfamily is by far the largest with nine members (Simon et al., 1991) . Many receptors for neurotransmitters, hormones, and chemokines utilize G i proteins for signal transduction. A classical test for the involvement of G i proteins is the ability of pertussis toxin (PTX) to block receptor-induced responses. PTX catalyzes the ADPribosylation of all members in the G i subfamily with the sole exception of G z . The a subunit of G z (Ga z ) lacks the C-terminal cysteine for PTX-catalyzed ADPribosylation and Ga z is predominantly expressed in neuronal tissues and cells (Fong et al., 1988; Matsuoka et al., 1988) . The gene encoding human Ga z is divided into two exons lying at the chromosome location 22q11 and it is distinct from other Ga genes (Wilkie et al., 1992) . In terms of biochemical properties, Ga z possesses unique characteristics that set it aside from other Ga subunits. Ga z is subjected to a great variety of covalent modi®cations including phosphorylation (Lounsbury et al., 1991) , myristoylation (Mumby et al., 1990) , arachidonoylation and palmitoylation (Hallak et al., 1994) that can modulate its signaling properties. Moreover, Ga z hydrolyzes GTP with much slower kinetics when compared to other Ga subunits, which is attributed to a sequence variation in one of the guanine nucleotide-binding regions .
Despite our extensive knowledge on the biochemistry of Ga z , its functional importance in cellular signaling remains obscure. The distribution pattern of Ga z (Fong et al., 1988; Garibay et al., 1991; Hinton et al., 1990; Paulssen et al., 1991; Jiang et al., 1991) is indicative of its involvement in neuronal function. Indeed, heterologous expression studies have demonstrated the ability of G z to interact with receptors for neurotransmitters and neuropeptides. These include the adenosine A 1 , a 2 -adrenergic, dopamine D 2 (Wong et al., 1992) , 5-HT 1A (Butkerait et al., 1995) , muscarinic M 2 (Parker et al., 1991) , substance P (Barr et al., 1997) , and all types of opioid receptors (Chan et al., , 1998 Lai et al., 1995; Tsu et al., 1995a) . In addition, G z is capable of transducing signals from chemoattractant receptors such as the complement C5a (Shum et al., 1995) and formyl peptide (Tsu et al., 1995b) receptors. The overall receptor recognition pro®le of G z initially appeared to be identical to those of the G i proteins because, without exception, every receptor that coupled to G z also recognized G i subunits. The idea of Ga z functioning as a PTX-resistant variant of Ga i was reinforced by the fact that, like Ga i , Ga z inhibits adenylyl cyclase (Wong et al., 1992) and stimulates K + channels (Jeong and Ikeda, 1998) . On the other hand, the limited tissue distribution (reviewed in Ho and Wong, 1998) and unique biochemical properties of Ga z and its relatively low (*60%) sequence homology with Ga i subunits suggest that it may have specialized functions. Recent studies have revealed that Ga z is associated with a number of novel Oncogene (2001 Oncogene ( ) 20, 1615 Oncogene ( ± 1625 ã 2001 Nature Publishing Group All rights reserved 0950 ± 9232/01 $15.00 www.nature.com/onc *Correspondence: YH Wong signaling molecules, some of which are neuronalspeci®c proteins that may play various roles in cellular development, survival, proliferation, dierentiation and even apoptosis. As more G protein-coupled receptors (GPCRs) are tested against G z , its receptor coupling pro®le also begins to diverge from those of the G i proteins. In this review, we will focus on the recent developments on cell signaling that support the notion of G z being functionally distinct from other members of the G i subfamily. Special emphasis will be placed on the physiological importance of G z -regulated pathways. It should be noted that other aspects of the structure and function of G z have been critically reviewed previously (Fields and Casey, 1997; Ho and Wong, 1998) .
Although it is generally accepted that G z shares the same receptor coupling pro®le with G i subtypes, recent ®ndings have exposed the complexity of receptor-G z interactions (Table 1 ). Several classical aminergic G icoupled receptors appear to be exclusively coupled to G z in vivo. A growing number of GPCRs originally known to activate G s but not G i can actually activate G z , while some of the G i -linked receptors are incapable of interacting with G z . The overall receptor coupling pro®le of G z appears to be dierent from that of G i , but signi®cant overlaps do exist.
The a 2 -adrenergic receptor (a 2 AR) can activate at least three subfamilies of G proteins (G s , G i , and G q ) depending on the concentrations of agonists applied. Recombinant a 2 AR expressed in mammalian cell lines is coupled to both Ga i2 and Ga z with similar ecacies (Wong et al., 1992) . However, the a 2 AR expressed in platelets appears to exclusively utilize G z for the enhancement of platelet aggregation. Physiological concentrations of epinephrine can enhance platelet aggregation induced by ADP, arachidonate or collagen, but mice with the gene expressing Ga z knocked out show no such enhancements (Yang et al., 2000) . Interestingly, the responsiveness of other G i -linked receptors present in platelets is not compromised in the Ga z knockout mice. The functional importance of G z in adrenergic neurotransmission is further supported by the loss of responsiveness to antidepressants in Ga zknockout mice. The antidepressants desipramine and reboxetine reduce the immobility time of normal mice, but their actions are completely lost in Ga z -knockout mice (Yang et al., 2000) . Both antidepressants inhibited the reuptake of catecholamines, whereas reboxetine is a speci®c blocker for norepinephrine reuptake. The loss of antidepressant eects in Ga z -knockout mice clearly indicates that G z is one of the major signaling components of adrenergic neurotransmission involved in behavioral responses. Other closely related G i members have also been examined in knockout mice. Ga i2 -de®cient mice display a much more profound physiological impairment, with adenylyl cyclase inhibition blunted, alterations in T cell maturation and function, growth retardation and the development of a lethal diuse colitis with adenocarcinoma (Jiang et al., 1997) . Deletion of G o causes reduction of body size of the knockout mice and disruptions of the postnatal development of primary accessory olfactory neurons in the basal vomeronasal organ, resulting in the reduction of the posterior accessory olfactory bulb (Jiang et al., 1997; Tanaka et al., 1999) . Hence, it appears that the deletion of G z causes speci®c impairments on the neurotransmission and platelet activation.
There are at least seven dierent dopamine receptors found in our body, and they could be generally divided into two categories. D 1 and D 5 receptors are coupled to G s , whereas the remaining`D 2 -like' dopamine receptors ± D 2S , D 2L , D 3S , D 3L and D 4 ± are coupled (Obadiah et al., 1999) . Hence, the coexistence of dierent subtypes of dopamine receptors and G z in particular cell types may provide additional modes of modulation on the dopamine-induced signals.
The ability of the D 5 receptor to signal through G s and G z poses a dilemma since the two Ga subunits produce opposite eects on the activity of adenylyl cyclase. Although the G s -coupled b 2 -adrenergic receptor has been shown to interact with G i , this linkage represents a regulatory switch operated by the cAMP-dependent protein kinase (Daaka et al., 1997) . It is likely that the primary eect of dopamine-induced activation of G z is independent of cAMP formation. Another essential monoamine neurotransmitter, serotonin or 5-hydroxytryptamine (5-HT), binds to at least 23 subtypes of GPCRs which are linked to G s , G i or G q . Seven subtypes of 5-HT receptors that belong to the 5-HT 1 and 5-HT 5 subfamilies are G i -linked. The human 5-HT 5A receptor recognizes G i and G o but not G z in a baculovirus-expression system (Francken et al., 2000) , suggesting that not all G i -linked receptors possess the ability to associate with G z . In contrast, the 5-HT 1A receptor shows constitutive activity in GTPgS binding experiments when co-expressed with Ga z in the same expression system (Barr et al., 1997) . Association of 5-HT 1A receptor with G z may have some physiological relevance in serotonin-induced secretion of ACTH and oxytocin in the hypothalamus (see section on G z -Mediated Neuronal Function and Development). Further characterization of the coupling of G z to other subtypes of 5-HT receptors may provide insights to the molecular mechanisms of various neuropharmacological events involving serotonergic pathways. The idea of G z being involved in the regulation of psychopharmacological responses is supported by in vivo evidence. Cocaine-induced acute locomotor stimulation is augmented in Ga z -knockout mice, and the augmentation is seen throughout the behavioral sensitization developed by continuous administration of cocaine (Yang et al., 2000) . Collectively, it seems that G z may play an important role in aminergic signaling in the CNS, which is consistent with the localization of G z in neuronal tissues.
The chemokine receptors constitute a new family of GPCRs where ligand promiscuity is a common phenomenon rather than an exception. Stringent ligand selectivity is only observed with the CCR6, CCR7, and CX 3 CR1 receptors, which only binds macrophage in¯ammatory protein (MIP)-3a, MIP-3b and fractalkine, respectively. All three chemokines trigger chemotaxis of interleukin-2-activated natural killer (IANK) cells through the activation of dierent subsets of G proteins, and G z is activated by MIP-3a and fractalkine but not MIP-3b (Al-Aoukaty et al., 1998) . In other words, CCR6 and CX 3 CR1 but not CCR7 can activate G z . A series of studies on chemokine-mediated chemotaxis of natural killer cells indicated that G z is one of the key molecules involved. MIP-1a, monocyte chemoattractant protein-1 (MCP-1) and regulated on activation of normal T cell expressed and secreted (RANTES) induced chemotaxis in natural killer and IANK cells. PTX treatment blocked the actions of MCP-1 and RANTES but not that of MIP-1a, while cholera toxin attenuated all three responses (Maghazachi et al., 1994) . In the same study, MIP-1b was shown to be defective in chemotaxis. Incubation of antisera against various Ga subunits with streptolysin-O permeabilized IANK cells revealed that all three chemokines activate G s , G o and G z , whereas G i is activated by MCP-1 and RANTES only . Since MIP-1a interacts with CCR1, CCR4 and CCR5, but CCR5 is not expressed in IANK cells, CCR1 and/or CCR4 may interact productively with G z . Likewise, the CXC chemokine stromal derived factor-1a induces chemotaxis in IANK cells, and this response is inhibited upon incorporating antibodies against Ga z (Maghazachi, 1997) . The involvement of G z in chemotaxis may turn out to be quite signi®cant.
Lastly, the seven transmembrane-spanning structure is no longer the sole signature for membrane-bound receptors that activate trimeric G proteins. Particularly in the immune system, ample evidence indicates that G proteins could be activated by dierent superfamilies of membrane receptors. Both Ga o and Ga z are activated in the process of natural killer cell lysis of allogeneic and tumor target cells . The G protein-activating component is NKR-P1, a C-type lectin molecule preferentially expressed in natural killer cells (Al-Aoukaty et al., 1997). NKR-P1 belongs to the type II membrane receptors with a single transmembrane domain. Target cells expressing class I major histocompatibility complex bound to NKR-P1-expressing natural killer cells can generate a great variety of intracellular signals that are largely resistant to PTX treatment . The functional homodimeric form of NKR-P1 selectively binds and activates G z , G s , G q/11 , and G i3 , as revealed in [ , 1997) . The activation of NKR-P1 induced IP 3 production, Ca 2+¯u x, interferong secretion, degranulation and cytotoxicity of natural killer cells. G q/11 may be mainly responsible for the ®rst two processes, but it remains to be demonstrated if G z plays a role in mediating some of the other actions. If proven, G z might then serve as the point of convergence for signals arising from NKR-P1 and the G protein-coupled chemokine receptors.
Receptor recognition domains on Ga z
Subtle hints on the molecular basis by which receptor-G z interactions are de®ned can be extrapolated from studies involving the metabotropic glutamate receptors (mGluRs). The family of mGluRs consists of eight known members, which are subdivided into three groups. All mGluRs are capable of activating G i to inhibit adenylyl cyclases, but they show dierent degrees of promiscuity on G protein selectivity. Indirect evidence suggests that the group II mGluRs, including mGluR2 and mGluR3, may only recognize G i . Chimeric Ga subunits with the last ®ve amino acids of Ga q replaced by those of Ga i , Ga o or Ga z (qi5, qo5 and qz5, respectively) could interact with G i -linked receptors (Conklin et al., 1993) . Except for the group II members, which do not activate the qz5 chimera, all mGluRs are capable of activating the three chimeras (Parmentier et al., 1998) . Interestingly, mutation of the isoleucine at the 74 position of qz5 into cysteine (as in qi5 and qo5) can rescue its coupling to group II mGluRs (Blaho et al., 1998) . Similar observations are obtained with other class C GPCRs such as gaminobutyric acid receptors B1 and B2 (Franek et al., 1999) . In addition to conferring PTX-resistance to Ga z , the slightly higher hydrophobicity of isoleucine over cysteine as in the case of Ga i might aect the receptor-G protein coupling (Bahia et al., 1998) and ligand anities (Jackson et al., 1999) . Presumably, those G i -coupled receptors that cannot activate G z may prefer a less hydrophobic or slightly charged microenvironment at the extreme C-terminus of the Ga subunit. It remains to be determined if other class C GPCRs such as Ca 2+ -sensing receptors also interact with G i better than G z .
Given that G z and G i do not share an identical set of GPCRs, their receptor recognition domains might be signi®cantly dierent. The result obtained with mGluRs and the qz5 chimera is consistent with the idea that one of the receptor recognition domains lies at the C-terminus of the Ga subunit (Conklin et al., 1993 (Conklin et al., , 1996 . Indeed, by replacing the complete a5 helix of Ga 16 (a rather promiscuous Ga subunit) with the cognate sequence from Ga z , the resultant chimera acquired the ability to interact with G i -linked receptors that are either unable to associate with Ga 16 (melatonin Mel1c) or activate Ga 16 weakly (m-opioid and type 1 somatostatin; Mody et al., 2000) . The sequence identity between the C-terminal tails of Ga t1 (rod transducin) and Ga i2 is higher than that between Ga i2 and Ga z , and the last ®ve amino acids of Ga t1 are identical to Ga i2 . However, Ga t1 shows no coupling to most of the G i -linked receptors. Swapping the last 36 amino acids of Ga t1 with those derived from Ga z could not redirect the chimera to interact with G i -coupled receptors (Tsu et al., 1997) , thus indicating that the Cterminus of Ga z is not the only essential region specifying its receptor coupling speci®city. An extensive chimera study utilizing Ga z and Ga t1 as parental Ga subunits has identi®ed other essential elements for ecient receptor coupling by Ga z . The complete a5 helix, a4 helix, a4/b6 loop, b4/ a3 and aG/a4 loops have been implicated in receptor-G protein interactions (Onrust et al., 1997; Bae et al., 1997; Marsh et al., 1998) . However, introduction of up to 143 amino acids from the C-terminus of Ga z to a Ga t1 backbone, which essentially covered all identi®ed regions, does not permit the G i -linked d-opioid receptor to activate the chimera . Additional receptor recognition domains must be present in Ga z .
Several studies have indicated that the length rather than the sequence identity of the extreme N-terminus of Ga q could determine the receptor selectivity (Kostenis et al., 1997 (Kostenis et al., , 1998 . The d-opioid receptor could in fact activate a chimera with the N-terminal helix (aN) of Ga t1 replaced by that of Ga z but without changing the C-terminal sequence . Hence, one of the receptor-interacting elements of Ga z lies in the N-terminus. Further characterization of the N-terminal sequences of Ga z and Ga t1 revealed that the aN of Ga z has four more residues than that of Ga t1 , and they are essential for coupling to the dopioid receptor. The presence of either terminus of Ga z appeared to allow the chimeras to recognize the dopioid receptor, but the chimeras with both termini derived from Ga z coupled to the receptor less eciently than wild-type Ga z . These results suggest that intramolecular interactions of Ga z might also contribute to the full activation of the Ga subunit upon receptor-mediated activation, perhaps in a fashion similar to that found in Ga s . It is likely that external signals from the ligandbound receptor might be transmitted through the a5 helix in a series of composite actions to several other structural elements including b2/b3 loop, linker 1 and other buried structural elements (MKC Ho and YH Wong, unpublished results). Using Ga z as a model, one can attempt to delineate the`intramolecular signal transduction pathway' corresponding to receptormediated activation of G proteins.
G z -interacting regulators of G protein signaling (RGS)
Among the 23 cloned mammalian regulators of G protein signaling (RGSs), there are at least ®ve members that can interact with Ga z , including RGS4, RGS10, RET-RGS1, GAIP and the most speci®c one, RGSZ1 (Hunt et al., 1996; Watson et al., 1996; Wang et al., 1998) . RGS-mediated regulation of the GTPase activity of Ga z has its unequivocal impact on the functions of Ga z . Ga z exhibits extraordinarily slow kinetics of GTP hydrolysis implying that Ga z may be dicult to``switch o'' after receptor activation unless there are external factors promoting the GTP hydrolysis rate of Ga z . The presence of a G z -interacting GTPase-activating protein (GAP) would be critical in controlling the signaling mechanisms of G z . Alternatively, GAP itself might serve as one of the G z -regulated eectors. Such a relationship has already been established between Ga q and phospholipase Cb (Berstein et al., 1992) .
In terms of speci®city, all ®ve RGSs (except RGS4) prefer to act on Ga subunits of the G i subfamily but RGSZ1 and GAIP display the highest selectivity toward Ga z (Wang et al., 1998) . Co-localization of Ga z with RET-RGS1 in the retina and with other RGSs in the brain (Fong et al., 1988 ; Hinton et al., 1990; Faurobert and Hurley, 1997) suggests that their interactions could be physiologically relevant. RGSZ1, RET-RGS1, and GAIP are structurally similar to each other, as they share a cysteine string sequence in addition to the RGS domain. The cysteine string may facilitate the targeting of G z to secretory vesicles for participating in the control of secretory processes.
The relationships between RGS molecules and G z are complex in nature. Palmitoylation of both parties modulates their interactions. Auto-palmitoylation occurs in Ga z , RGS4 and RGS10, and RGS4 is known to be sequentially multi-palmitoylated (Tu et al., 1997 (Tu et al., , 1999 . Palmitoylation aects not only the attachment of Ga z to the plasma membrane, it disrupts the binding of Ga z to G z -speci®c GAP (which is probably identical to RGSZ1), GAIP, RGS4 and RGS10 (Tu et al., 1999) . This phenomenon ®ts the hypothesis of depalmitoylation/repalmitoylation cycle of Ga z . Activation of G z promotes depalmitoylation and facilitates Ga z -RGS interaction to turn o the signal. Repalmitoylation occurs when G z is associated with the plasma membrane and in its inactive state G z does not require the presence of RGS. Bi-directional regulations of RGS4 and RGS10 could be achieved by palmitoylation. In solution-based studies, palmitoylation of RGS4 and RGS10 inhibited their GAP activities on Ga z and Ga i . The observation in proteoliposome-based experiments was reversed. The GAP activities of RGS4 and RGS10 on Ga z are enhanced (Tu et al., 1999) . These results suggest that the GTPase and palmitoylation cycles of Ga z actually overlap temporally and RGS molecules can make use of these processes to tweak the turnover rate of G z .
Phosphorylation of Ga z by p21-activated kinase 1 and protein kinase C Protein phosphorylation is not a general regulatory event for trimeric G proteins. G z is an exceptional one because it is subjected to phosphorylation by protein kinase C (PKC) and p21-activated kinase 1 (PAK1). Activation of PKC results in the rapid phosphorylation of Ga z . By means of biochemical and mutational studies, the PKC-mediated phosphorylation sites of Ga z have been identi®ed as Ser 16 and Ser 27 (Lounsbury et al., 1993) . The two serine residues are located within the putative N-terminal helix which represents one of the major interacting surfaces for Gbg subunits. Using puri®ed recombinant Ga z , it has been shown that phosphorylation of Ga z by PKC hinders the association with Gbg subunits (Fields and Casey, 1995) , while these modi®cations do not signi®cantly in¯uence the ability of Ga z to inhibit type 5 (Kozasa and Gilman, 1996) or type 6 adenylyl cyclases. Interestingly, Ser 16 of Ga z can also serve as the phosphorylation site for PAK1 (Wang et al., 1999) . The PAK1-mediated phosphorylation is unique to Ga z (not seen with Ga i17 3, Ga o , Ga s , or Ga q ) and the modi®ed Ga z is resistant to the actions of RGSZ1 and RGS4, thus prolonging the Ga z -mediated signals. Like the PKC-phosphorylated Ga z , PAK1-phosphorylated Ga z exhibits decreased anity for Gbg subunits. Interestingly, the Gbg subunits may protect Ga z against phosphorylation by PKC and PAK1 through dierent mechanisms. Gbg subunits inhibit PKC-mediated phosphorylation of Ga z by binding to Ga z , whereas the actions of PAK1 are prevented by its direct association with Gbg subunits (Wang et al., 1999) . Phosphorylation of Ga z is independent of its intrinsic GTPase cycle, but the preferred substrate for PKC and PAK1 is the activated monomeric form of Ga z , which is separated from Gbg subunits.
Both Gbg subunits and RGSs are negative regulators of Ga z . Gbg subunits stabilize the inactive GDP-bound state of Ga subunit, while RGSs accelerate the GTP hydrolysis rate of Ga subunits. Prevention of the physical association between Ga z and Gbg subunits or RGSs by phosphorylation implies that this covalent modi®cation may sustain the activation state of Ga z . The major consequence for prolonged activation of Ga z is not known, but it may be related to cellular dierentiation and transformation events. Sustained activation of Ga z in the form of a constitutively active mutant has been shown to induce neoplastic transformation of Swiss 3T3 cells . It is well known that the activation of PKC can lead to transformation of a wide variety of cells, and PAK1 is believed to play a central role in integrating transformation signals from dierent small G proteins like Ras, Rho and Rac (Daniels and Bokoch, 1999) . The actual role of G z in PKC-and PAK1-mediated transformation signals is unknown. One possibility is that prolonged activation of G z may be critical in determining the ultimate cell fate. The activation of G proteins, PKC, PAK1, and other signaling molecules such as tyrosine kinases can induce acute, sustained or even oscillating regulation of mitogen-activating protein kinases (MAPKs). The duration and activation pattern of dierent MAPKs can lead to transformation, proliferation, or dierentiation events.
If phosphorylation of Ga z keeps the protein active, then, which phosphatase would turn it o? The identity, or even the presence, of a putative phosphatase which dephosphorylates Ga z remains to be determined. Perhaps phosphorylated Ga z is capable of interacting with a dierent set of eectors as compared to its unphosphorylated form. Identi®cation of novel signaling partners of G z such as speci®c phosphatases will be the next step forward in the exploration of the physiological impacts of phosphorylating G z .
G z -mediated mitogenic and transformation signals
The initial clue that G z may participate in the regulation of mitogenic signals comes from the ability of mutationally active Ga z (Q205L mutant) to induce neoplastic transformation in Swiss 3T3 and NIH3T3 cells . Although G proteins are mainly associated with the plasma membrane, they can be translocated to the cytosol upon activation by GPCRs and when depalmitoylated. There is even evidence to suggest that Ga z can be translocated to the nucleus (Crouch et al., 1994) . It is thus conceivable that G z can directly or indirectly in¯uence cell proliferation. MAPKs and signal transducers and activators of transcription (STATs) are two major groups of intracellular signaling molecules controlling cell growth. Recent studies showed that G proteins are actively involved in the regulation of these two streams of growth signals. The relationships between G z and MAPKs or STATs have not been fully established, but preliminary evidence shows that G z might contribute to the regulation of speci®c subfamilies of MAPKs, including extracellular signal-regulated kinases (ERK) and Jun N-terminal kinases (JNK).
One of the converging points of GPCR-mediated signals is the activation of MAPKs. Ample evidence have indicated that MAPK activation can be mediated by G s -, G i -, G q -or G 12 -coupled receptors through dierent mechanisms (Gudermann et al., 2000; Gutkind, 2000) . In the case of G i -coupled receptors, it is well accepted that the Gbg complex is the main contributor of the Ras-dependent activation of ERK (Crespo et al., 1994) . Since G z is activated by most G i -coupled receptors and Gbg subunits would be released, one would expect G z to regulate ERK by the same mechanism. Moreover, G zmediated stimulation of ERK should be PTXresistant. Most of the known G z -coupled receptors possess the ability to activate ERK in a variety of tissues and cells. However, it is dicult to assign the ERK response to the activation of G z because Gbg subunits released from G i usually comprise a major part of the signal. Activation of ERK by Gbg subunits released from G z probably constitutes a minor component of the stimulatory signal which can only be detected as a residual signal (415%) after PTX treatment. The ability of G z -coupled receptors to activate ERK through G z has nevertheless been demonstrated in heterologous expression systems. In HEK 293 cells stably coexpressing Ga z with one of the three opioid receptors, the opioid-induced ERK activation becomes PTX-resistant . A similar situation applies to the activation of JNK by G z -coupled receptors. Since Ga z lacks the ability to activate JNK (Yamauchi et al., 2000) , the stimulatory signal resides with the Gbg subunits. Coexpression of Ga z and the opioid receptorlike (ORL 1 ) receptor in COS-7 cells supports agonistinduced stimulation of JNK in a Rac-dependent and PTX-insensitive fashion . In the neuroblastoma x glioma NG108-15 cells, which express G z endogenously, activation of the ORL 1 receptor leads to the stimulation of JNK in a PTXresistant manner. The activation of both ERK and JNK through G z could be blocked by the sequestration of Gbg subunits using Gbg-scavengers (SL Chan and YH Wong, unpublished results). Gbg-mediated regulation of ERK activity is probably routed through the Ras-Raf-MEK pathway, while Rac-dependent signaling cascades are triggered by Gbg subunits for the activation of JNK (Figure 1) .
Expression of an active mutant of Ga i2 could trigger ERK activation independent of the Gbg-regulated pathways in Rat-1a ®broblasts (Gupta et al., 1992) . However, the corresponding mutant of Ga z could not mimic the eects of Ga i2 . The molecular basis of this dierence in ERK activation is unclear. Recently, two isoforms of GTPase-activating proteins of the monomeric G protein Rap1 (Rap1GAP and rap1GAPII) have been shown to interact with various Ga subunits of the G i subfamily (Jordan et al., 1999; Meng et al., 1999; Mochizuki et al., 1999) . Ga z forms a stable complex with Rap1GAP and Rap1 without aecting the actions of Rap1GAP on Rap1, while the action of rap1GAPII on Rap1 is speci®cally activated by Ga i2 . The expression pro®les of Rap1GAP and Ga z are very similar and thus indicative of their functional relevance. Although the association of Ga z with Rap1GAP provides a possible link to the activation of ERK, the exact mechanism by which this is achieved remains elusive. Ga i2 activates ERK by inducing the translocation of rap1GAPII and decreasing the amount of GTPbound Rap1 (Mochizuki et al., 1999) , while Ga o increases the amount of activated Rap1 by binding to Rap1GAP (Jordan et al., 1999) . Interestingly, the interaction between Rap1GAP and Ga o is dependent on its GDP-bound inactive form but not the active form. Neither mechanism appears to be used by Ga z because although Rap1GAP prefers to bind activated Ga z , its GAP activity on Rap1 is unaected. Since both Ga o and Ga z are abundant in neuronal cells, their dierent modes of interactions with Rap1GAP suggest that there might be temporal and/or spatial variations in the regulation of the Rap1-Raf-ERK signaling cascade in neuronal cells. The actions of G z on the MAPK cascades are further complicated by its ability to modulate signals arising from receptor tyrosine kinases (Belcheva et al., 2000) .
The role of Gbg subunits in GPCR-induced mitogenic signals appears to be more important than the corresponding Ga subunits. In addition to the activation of both Ras-and Rac-dependent kinase cascades through the interaction with RasGRF, Gbg subunits could activate Src or Src-like kinase and subsequently stimulate Ras through non-receptor tyrosine kinase scaold including Shc, Grb2 and SOS (Figure 1) . Additionally, Src kinases could trigger the association and activation of Janus kinase-signal transducer and activator of transcription (JAK-STAT) complex, which is a major component in cytokineinduced signaling pathways. Surprisingly, the relationship between GPCR-and JAK-STAT-mediated signaling events is poorly understood. It has not yet been demonstrated if Gbg subunits could induce JAK-STAT activation through Src or even other signaling molecules. Activation of JAK-STAT by GPCRs such as angiotensin II AT 1 receptor and chemokine receptors CCR1, CCR2, CCR5 and CXCR4 has been shown in Jurkat T cells, and their interactions seemed to be independent of G proteins (Marrero et al., 1995; Wong and Fish, 1998; Vila-Coro et al., 1999) . The role of G protein subunits on the regulation of JAK-STAT activity is largely unknown.
Two recent studies have provided some of the missing links between Ga subunits and the JAK-STAT pathway. A dominant negative mutant of Ga i2 expressed in NIH3T3 cells attenuated STAT3 activation mediated by an oncogenic variant of colonystimulating factor 1 receptor (Corre et al., 1999) . This study con®rmed the involvement of G i2 in the activation of STAT3, but it was not clear whether the response was Ga i2 -or Gbg-mediated. Another study using a constitutively active form of Ga o induced STAT3-dependent transformation signals in the same cell line (Ram et al., 2000) . Both Ga i2 and Ga o -mediated STAT3 activation were Src-dependent, and at least Ga o was actively involved in the activation of Src-dependent STAT3 phosphorylation. However, there was no obvious enhancement of STAT3 phosphorylation when an active mutant of Ga z was expressed in Swiss 3T3 cells (KH Lo and YH Wong, unpublished results). Receptor-mediated activation of G z also could not induce STAT3 phosphorylation, which eliminated the possibility of Gbgmediated response. Since the active mutant of Ga z has been shown to transform Swiss 3T3 cells, the relationship between Ga z and other members of the STAT family should be explored. It is also plausible that G z -regulated signals are unrelated to STAT phosphorylation. Figure 1 Signaling network involving G z . Activation of G protein-coupled receptors such as opioid receptors triggers the activation of G z and the subsequent dissociation of Ga z and Gbg subunits. Both parties regulate a complex network of signaling cascades. Novel signaling partners of G z such as GRIN1, Rap1GAP and Eya2 are directly regulated by Ga z . Both PKC and PAK1 can be subsequently activated by Gbg subunits, and these phosphorylation signals sustain the activation state of Ga z . Gbg subunits released from G z can stimulate various MAPK cascades, but the Ga z -Rap1GAP signals may provide a conditional modulation which favors the Ras-but not Rap-mediated signals. Modulation of ion channel activities by both Ga z and Gbg subunits may result in hyperpolarization of neurons. Ga z may directly (immediate nuclear translocation?) and indirectly (through Eya2/Six proteins) regulate various transcription activation events. Asterisks, activation state; single arrows, direct activation; blunted arrows, direct inhibition/suppression; multiple arrows, activation through a number of steps; dotted lines, translocation event. Abbreviations: AC, adenylyl cyclase; CRE, cAMP-responsive element; CRK, CT10 regulator of kinase; DAG, diacylglyerol; Epac, cAMP-dependent Rap1 guanine nucleotide exchange factor; ERK, extracellular signal-regulated kinase; Eya2, Eyes Absent transcription cofactor 2; GAIP, G protein-interacting protein; GPCR, G protein-coupled receptor; Grb2, growth factor receptor-bound protein 2; GRIN1, G protein regulated inducer of neurite outgrowth 1; IP 3 , inositol 1,4,5-trisphosphate; IP 3 R, inositol 1,4,5-trisphosphate receptor; JNK, Jun N-terminal kinase; MEKK, MEK kinase; MKK4 and 7, mitogen-activated protein kinase kinases 4 and 7; PAK, p21-activating kinase; PIP 2 , phosphatidylinositol 4,5-bisphosphate; PKA, cAMP-activated protein kinase; PKC, protein kinase C; PLC, phospholipase C; Pyk2, proline-rich tyrosine kinase 2; Rap1GAP, Rap1 GTPase-activating protein; RasGRF, Ras guanine nucleotide-releasing factor; RGSZ1, regulator of G protein signaling Z1; Six1/4, sine oculis homologous transcription factors 1 and 4; SOS; Son of sevenless guanine nucleotide exchange factor G z -mediated neuronal function and development
The Ga z cDNA was initially cloned from retina and brain tissues, and its expression in neuronal tissues is regulated temporally and spatially. Disappointingly, the primary functions of Ga z in the brain remain largely unknown. Recent discoveries of a number of novel neuronal signaling partners for Ga z strengthens the belief that G z may have distinct roles in neuronal function and development. Evidence in support of the involvement of Ga z in the regulation of ion channel activities and exocytosis are rapidly accumulating. Furthermore, functional participation of G z has been implicated in sensory and secretory pathways controlled by speci®c neurotransmitters and neuropeptides such as 5-HT and opioid peptides (Table 1) .
Ga z is expressed at the highest levels in several functionally important regions of the brain at the early stage of development. These regions include the superior cervical ganglion, dorsal root ganglion and trigeminal ganglion (Kelleher et al., 1998) . Except in superior cervical ganglion, Ga z mRNA level declined gradually to a low level in adult brains after 3 weeks. The expression pattern of Ga z in the developing mouse nervous system suggests that it might play a role in target tissue innervation process. A novel molecular partner of Ga z cloned from the rat brain cDNA library further supports a role of Ga z in brain development. The encoded proteins, named as G protein-regulated inducers of neurite outgrowth (GRIN1 and GRIN2), are enriched in the plasma membrane of the growth cones of neurites (Chen et al., 1999) . Because GRIN1 was initially identi®ed by screening a cDNA expression library with phosphorylated GTPgS-Ga z as a probe, it might function as a downstream eector for Ga z . In Neuro2A cells, overexpression of GRIN1 with the active mutant of Ga o resulted in the development of ®ne neurite-like processes. Given that both Ga z and Ga o are rather neuronal-speci®c, it would be interesting to determine if their coordinated actions are required for neurite extension, and whether GRIN1 serves as a point of signal integration. Previous studies have shown that Ga z (as well as several other Ga subunits) is actively transported along the axons in a retrograde manner (Hendry et al., 1995) . Retrograde transport of Ga z from the synaptic end of an axon to the cell body might carry modulation signals for target tissue innervation, a process required for making precise synaptic connections.
Very little is known with regard to transcription regulation by G proteins. Using the yeast two-hybrid screening system, a putative partner mediating G i2 -and G z -regulated transcription activity has recently been identi®ed as Eya2, a mammalian homolog of Eyes Absent transcription cofactor of Drosophila (Fan et al., 2000) . Eya homologs are important for eye development and functionally conserved in dierent phyla of the animal kingdom (reviewed in Kawakami et al., 2000) . Activation of Ga z directly binds and sequesters Eya2 to prevent its association and subsequent nuclear translocation with Six1 and Six4, two members of a novel group of homeobox transcription factors. Eya2 and Six1/Six4 are mainly found in cranial placodes, brancial arches, Rathke's pouch and dorsal root ganglia. Their expression pro®les further suggest that they are engaged in a number of neuronal developmental processes. The intervention of G z to Eya-Six signaling provides a route for extracellular stimuli to ®ne tune the transcription process during development.
In neurons, G i -coupled receptors like muscarinic acetylcholine M 2 and adenosine A 1 receptors can activate G protein-gated K + channels and inhibit Ntype Ca 2+ channels, thereby producing hyperpolarization to negatively regulate the neuronal activity. Both Ga and Gbg subunits are potential regulators of dierent types of ion channels. There are ample examples to illustrate the capabilities of Ga i subunits to regulate ion channels. The ®rst demonstration that Ga z can regulate ion channel activities was obtained in rat sympathetic neurons transiently overexpressing Ga z (Jeong and Ikeda, 1998) . PTX-insensitive receptormediated inhibition of N-type Ca 2+ channels could be observed in the transfected cells. Compared with G imediated actions, the recovery rate of G z -mediated inhibition of Ca 2+ channels is much slower, probably as the result of the slow intrinsic GTP hydrolysis activity of Ga z . Coexpression of RGSZ1 accelerated the Ga z -mediated responses, which suggests that RGSZ1 could modulate the functions of Ga z in vivo. PTX treatment of sympathetic neurons also blocked the activation of G protein-gated K + channels normally regulated by G i , while the expression of Ga z rescued the G protein-mediated regulation of K + channels. These ®ndings raise the possibility that endogenous Ga z mediates PTX-insensitive modulation of ion channels. For example, in sympathetic neurons, PTX-insensitive inhibition of Ca 2+ channels by substance P and norepinephrine (Shapiro and Hille, 1993; Shapiro et al., 1994) might be mediated via Ga z .
Upon the triggering of action potentials in neurons, synaptic vesicles derived from Golgi apparatus of the neurons fuse with the presynaptic membrane and the subsequent release of neurotransmitters bind to the postsynaptic membrane to achieve neuronal transmission events. Very few studies have addressed the functional roles of heterotrimeric G protein-mediated signaling in synaptic release. Ga i3 has been shown to be crucial for the activation of exocytosis (Aridor et al., 1993) , and Ga i is responsible for the basolateral translocation of vesicles between endoplasmic reticulum and Golgi apparatus, while Ga s may play a role in the control of apical pathway (Pimplikar and Simons, 1993) . Ga z is also found in the Golgi apparatus and it has been shown that the disassembly of Golgi apparatus elicited by the treatment of lipoxygenase inhibitor nordihydroguaiaretic acid is suppressed by Ga z (Yamaguchi et al., 2000) . The actions of other Golgi-disassembling agents such as the ADP-ribosylation factor inhibitor brefeldin A and the spindle poison nocodazole are not regulated by these G proteins, suggesting a speci®c regulatory action of Ga z to a particular secretory pathway. Recent studies showed that GAIP and RGS4 are located at the Golgi and ER and interact with various intracellular membranebound proteins such as clathrin and coatomer (Petiot et al., 1999; Sullivan et al., 2000) . Both RGS molecules negatively regulate the action of Ga z . It would be interesting to investigate how the interactions between RGS and G proteins can aect the secretory pathways.
A number of studies have shown that a PTXinsensitive G protein is responsible for the release of oxytocin and adrenocorticotrophic hormone (ACTH) in various neuronal cell types. G z is one of the possible candidates to mediate the ACTH secretory pathway in the mouse anterior pituitary tumor cell AtT-20/D16-16 (Erlich et al., 1998) . Intracerebroventricular infusion of antisense Ga z oligodeoxynucleotides attenuated the secretion of oxytocin and ACTH mediated by the 5-HT 1A receptor-speci®c agonist 8-hydroxy-2-(dipropylamino)tetralin (8-OH-DPAT) in the hypothalamus, and the secretory responses are insensitive to PTX treatment (Serres et al., 2000) . Unlike oxytocin, the release of prolactin induced by 8-OH-DPAT does not depend on G z . Chronic treatment of estrogen desensitized the 8-OH-DPAT-induced hormonal release, and such desensitization is due to the reduction of the hypothalamic G proteins including G z . Reuptake of 5-HT can be blocked by the treatment of¯uoxetine, and the amount of membranebound Ga z , but not Ga i1 or Ga i3 , is reduced upon chronic treatment of¯uoxetine (Raap et al., 1999) . All these evidences indicate that G z is actively involved in the 5-HT 1A receptor-mediated signals in vivo and plays multiple roles in the regulation of hypothalamic hormonal release.
In the CNS, opioid signaling is not exclusively mediated by the PTX-sensitive G i/o proteins. Functional interaction between G z and all three types of opioid receptors is clearly demonstrated in heterologous expression systems. In HEK 293 cells coexpressing an opioid receptor and G z , opioids can inhibit adenylyl cyclase Lai et al., 1995; Tsu et al., 1995a) and stimulate ERK activities in a PTX-insensitive manner. G z has been implicated in opioid-induced supraspinal analgesia (Sanchez-Blazquez et al., 1993 and the co-localization of G z with opioid receptors in neuronal cell lines (Garibay et al., 1991; Ammer and Schulz, 1994 ) supports this notion. Intracerebroventricular injection of antisera against or antisense oligodeoxyribonucleotides of Ga i2 and Ga z (but not of Ga i1 ) reduced the supraspinal analgesic eects of m-opioid receptor-speci®c ligands such as morphine. Chronic morphine treatment induces dependence and subsequent naloxone treatment precipitates the withdrawal syndrome, which could be alleviated by the intracerebroventricular administration of a Ga zspeci®c antiserum (Sanchez-Blazquez and Garzon, 1994) . A number of follow-up studies (Garzon et al., 1997a (Garzon et al., ,b, 1998 suggest that m-but not d-opioid receptors preferentially utilize G z as its downstream signal transducer in the periaqueductal gray matter, a region of the brain which is critically involved in the perception of pain. Recent studies using Ga z -knockout mice indeed supported the role of G z in supraspinal but not spinal analgesic eects of morphine (Hendry et al., 2000; Yang et al., 2000) .
Since G z participates in mediating opiate-induced analgesia, it might play a role in the development of opiate tolerance and dependence that are commonly observed after chronic administration of opiate analgesics. Numerous reports have shown that longterm exposure of neuronal cells to opioids leads to a compensatory increase in PGE 1 -or forskolin-stimulated adenylyl cyclase activity upon removal of the opioids Schulz, 1993, 1996a,b) . This phenomenon has been suggested to represent the biochemical basis of dependence. Opioid-induced adenylyl cyclase superactivation in the cultured cell lines is sensitive to PTX treatment, thus implicating the involvement of PTX-sensitive G i/o proteins in mediating the adaptive responses. Chronic stimulation of all three types of opioid receptors leads to adenylyl cyclase superactivation in HEK 293 cells coexpressing G z , but PTX pretreatment completely abolishes adenylyl cyclase superactivation . Although G z mediates opiate-induced analgesia, it alone is insucient to support the complex adaptive changes associated with the development of opiate tolerance and dependence.
Concluding remarks
The specialized roles of G z are becoming prominent with the discovery of a variety of novel signaling partners. It is now apparent that G z should not be considered as a PTX-resistant version of G i proteins. The functional uniqueness of G z in nervous and immune systems might provide us with new insights on the molecular controls of these physiological processes. However, the physiological relevance of G z in a number of specialized cells and tissues such as the spermatozoa, placenta and pancreas remains unknown. With the recent establishment of G z -knockout mice, detailed analysis of the relevant tissues and cells will hopefully provide additional clues to delineate the functions of G z . The elaborate regulatory handles on Ga z suggest that the function of G z is tightly regulated at the cellular level and circumstantial evidence points to its involvement in the regulation of cell proliferation and dierentiation.
